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Objective: It remains rare to report three-dimensional (3-D) ﬁnite element solid model of femurs in
partial by volume rendering method, though several methods of femoral 3-D ﬁnite element modeling are
already available. We aim to analyze the advantages of the modeling method by establishing the 3-D
ﬁnite element solid model of femurs in partial by volume rendering.
Design: A 3-D ﬁnite element model of the normal human femurs, made up of three anatomic structures:
cortical bone, cancellous bone and pulp cavity, was constructed followed by pretreatment of the CT
original image. Moreover, the ﬁnite-element analysis was carried on different material properties, three
types of materials given for cortical bone, six assigned for cancellous bone, and single for pulp cavity.
Results: The established 3-D ﬁnite element of femurs contains three anatomical structures: cortical bone,
cancellous bone, and pulp cavity. The compressive stress primarily concentrated in the medial surfaces of
femur, especially in the calcar femorale.
Conclusions: Compared with whole modeling by volume rendering method, the 3-D ﬁnite element solid
model created in partial is more real and ﬁt for ﬁnite element analysis.
 2013 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.1. Introduction
With increasing number of trauma accident and sharpening
population-aging problem, people are suffering from a high prev-
alence rate of femur fractures, especially the fracture of a proximal
femur, which usually leads to a change in the stress and strain
distribution along the femur.1 Therefore, a reasonable under-
standing of the biomechanical response of femurs under various
physiological loads potentially beneﬁts the clinical treatment.
Brekelmans et al.2 ﬁrst studied on spinal biomechanics utilizing
ﬁnite element mechanical analysis, which were widely applied to
researches of teeth and limbs in late 1980s.3e6 This study intends to
further construct a highly simulative, effective three-dimensional
(3-D) femurs model on the precision of distribution of stress and
strain by ﬁnite-element analysis.7 The previous ﬁnite-element
stress analysis was usually based on simple division of femurs
into compact bone and cancellous bone, separately given material
properties such as elastic modulus and Poisson’s ratio. Actually, a
femur is a composite consisting of multiple material properties, allciates Ltd. Published by Elsevier Ltof which show different mechanical characteristics, heterogeneous
distribution, and obvious individual differences. The writer dis-
agreed with the consistence between reality and the experimental
results of ﬁnite-element analysis of femurs just from the perspec-
tive of cortical bone and cancellous bone. Additionally, some re-
searchers divided material properties of femurs into 10 material
properties,8 and carried out ﬁnite-element analysis accordingly.
However, the writer argued that the results obtained from division
into 10 material properties femurs according to gray-value could
not reﬂect the respective differences in material changes of cortical
bone and cancellous bone. Thus, a method of partial modeling and
classiﬁcation of material properties was designed by combination
of the two former approaches to explore a better approach to set up
material properties, establishing more appropriate modeling
methods, and providing novel and better models for the ﬁnite-
element study of 3-D reconstruction of femurs.
2. Materials and methods
2.1. Materials
Informed consent has been obtained from volunteer prior to inclusion in the
study, and all human studies have been approved by the local ethics committee and
performed in accordance with the ethical standards. One male volunteer wasd. All rights reserved.
Fig. 1. Model of femurs entity. A. Model of medullary bone; B. Model of cancellous
bone; C. Model of cortical bone.
Table 1
Number of cells and nodes of sample body network division.
Item Control A Control B Experiment group
Cell (n) 83906 80983 118792
Nodes (n) 120853 116368 168780
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75 kg and height of 170 cm. Software environment included Window XP Profes-
sional 64-bit, Mimics 10.1 and Ansys 11.0. Hardware environment included CPU Intel
17 965, DDR3 Memory 6G at 1333 MHz Software Ubuntu, graphics accelerator
Nvidia GX260*2, and Hard Disk Seagate SATA 1T*2. Computer tomography (CT)
scanning was performed utilizing Philips 64-channel conﬁguration, 128-slice spiral
CT scanner. The parameters were that: Sweep voltage, 120 kV; sweep current,
105 mA; bone window scanning with pitch of 0.67 mm, 1508 slices of graphics, and
saved as .Dicom.Fig. 2. Condition settlements of ﬁnite element analysis of femurs. A. Fixat2.2. 3-D reconstruction of femur
Graphics editing: (1) Whole femurs model A: we ﬁrstly de-noised the fe-
murs spiral CT imaging of the normal volunteer, saved the ﬁgure as Dicom and
then imported it into Mimics software. A threshold of this experiment was set
based on Mimics Bone (CT) Scale; every surface mask was edited utilizing
Erase, Draw, etc.; the occlusive hole of model was ﬁlled up from the outline
upon the calculation of the outline, but the rest hole was manually ﬁlled up.
(2) Cortical bone model B: the cortical bone was individually constructed based
on the whole modeling method as described above; (3) Cancellous bone model
C: the cortical bone and cancellous bone can be occlusive and seamlessly
connected by subtracting cortical bone Model B by whole femurs Model A in
Mimics. (4) Medullary bone model D: model D was acquired through sub-
tracting cortical bone Model B and cancellous bone Model C by whole femurs
Model A.
Reconstructing 3-D model: the parameters of reconstruction utilized Optimal,
Shell 1. Smooth surface was achieved following Smoothing, Triangle Reduction
(normal, point and edge), Remesh part (Split based method), Triangle Reduction
(Quality Preserving), and then triangles without intersections were obtained upon
completion of detecting self-intersections. This step aimed to reduce the geometric
errors of 3-D model, and a 3-D model after treatment is shown in Fig. 1.2.3. Body network designations
The 3-D element model as ansys format was exported into Ansys and division of
body network was in progress. This experiment simpliﬁed division procedures of
body network by running Ansys Order Current Files. The number of divided tetra-
hedral solid 92 cells and nodes is shown in Table 1.2.4. Assignment of material properties
Three types of ﬁles of 3-D model including lis, nodes, and elements were
exported from Ansys into Mimics, and gray-value of the model (that is, number of
body cells of gray-value), was calculated by Mimics.
Control A: the model was divided into cortical bone and cancellous bone
deﬁning elastic (E) modulus of cortical bone as 15 GPa,9 cancellous bone as 1.1 GPa,9
both of which Poisson’s ratio was 0.3; Control B: the model was divided into ten
groups by material properties and assigned elastic modulus based on gray-value,
with a Poisson’s ratio of 0.3; Experiment Group: 3 material properties, 6 material
properties, and 1 material property were respectively assigned into the cortical
model B, cancellous model C, and medullary model D; afterward, elastic modulus,
with a Poisson’s ratio 0.3, was assigned, according to the experience equation10:
Density¼13.4þ1017*Gray-value and E-Modulus¼388.8þ 5925*Density, to the
corresponding models in Mimics.ion range of distal femurs; B. Stress portion exerted on femoral head.
Table 2
Relationships between apparent density (r) and elastic modulus (E).
Gray value Whole modeling Gray value Partial modeling
E r E n E r E n
1172 1.1  109 145608.2 8.63  108 0.3 1172 1.1  109 276667.7 1.64  109 0.3
1686 1.5  1010 436851.4 2.59  109 0.3 1686 1.5  1010 567910.9 3.36  109 0.3
e 728094.6 4.31  109 0.3 859154.1 5.09  109 0.3
e 1019338 6.04  109 0.3 1150397 6.82  109 0.3
e 1310581 7.77  109 0.3 1441641 8.54  109 0.3
e 1601824 9.49  1010 0.3 1732884 1.03  1010 0.3
e 1601825 1.12  1010 0.3 2024127 1.20  1010 0.3
e 1601826 1.29  1010 0.3 2315370 1.37  1010 0.3
e 1601827 1.47  1010 0.3 2606613 1.54  1010 0.3
e 1601828 1.64  1010 0.3 2897857 1.72  1010 0.3
Fig. 3. Three-dimensional model assigned with material properties. A. Cortical bone and cancellous bone modeling; B. Whole modeling; C. Partial modeling.
Fig. 4. Comparison of stress and strain of femoral model by whole-modeling and partial-modeling Left: Whole-modeling; right: Partial-modeling.
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Fig. 5. Comparison of gray-value distribution of three-dimensional model when given
material properties. A. Gray-value distribution of femurs under CT situation; B. Gray-
value distribution of modeling of cortical bone and cancellous bone; C. Gray-value
distribution of whole modeling; D. Gray-value distribution of partial modeling.
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Finite Element Analysis: the 3-D model assigned with material properties in
Mimics was exported into Ansys as lis, nodes, element ﬁles and ﬁnite element
analysis was conducted. All the superﬁcial nodes within an area in a 3 cm diameter
above the proximal femoral head were imposed with 350 N of concentrated force
vertically downward, paralleling to femoral stem, but with limitation of zero degree
of freedom toward any directions of all nodes of the inferior border of lateral mal-
leolus. As for each sample, force was always exerted in the same approach for
repeated tests (Fig. 2).
DataCollection:Themechanical analysis of control andexperimentgroupassigned
with material properties in Ansys was carried out to collect the mechanical data.
3. Results
3.1. 3-D model assigned with material properties
The 3-D model of material properties in control A, B, and
experiment group are indicated in Fig. 3, in which different colors
were different gray values. Our results showed that there was sig-
niﬁcant difference in the 3-D model between control A and the
other two groups. More interestingly, partial modeling presented a
better color transition thanwhole modeling which could be further
reﬂected by apparent density (r) and elastic modulus (E) of material
properties in control B and experiment group (Table 2).
3.2. Finite element analysis
Stress nephogram of control B and experiment group were ob-
tained under a load of 350 N (Fig. 4). As shown in Fig. 4, the stress
was mainly distributed in the medial surfaces of the femur, espe-
cially in the calcar femorale.
4. Discussion
Up to date, the research to femoral biomechanical distribution is
mainly focused on two categories, direct method or indirect
method. The direct method refers to direct analysis of strain on
separated femurs.11 Although simple, it is not applicable to normal
human. The indirect method is to convert acquired femoral CT
graphics data into data model by relevant software; whereafter, the
mechanical response of human femurs to various load conditions is
analyzed. Finite element analysis is the common indirect method
which can construct a highly simulative and effective 3-D model,
calculate stress and strain at random locations by ﬁnite element
application software under different conditions. These are incom-
parable advantages over the traditional method. In-vitro biome-
chanical experiments on fresh-frozen human cadaver femurs is
conducted to validate the ﬁnite element analysis.12,13
Previously, the femur was simply divided into cortical bone and
cancellous bone,14 both given the same elastic modulus and Pois-
son’s ratio, then analysis of ﬁnite element stress was conducted.
However, the femur is a highly non-homogeneous, non-linear, and
inelastic material from mechanical point of view15 (Fig. 5A), which
is composed of cortical bone, cancellous bone, and medullary bone.
Therefore, the model establishing by traditional method could not
represent the true structure of bone (as shown in Fig. 5B). In this
study, we ﬁrst established the cortical bone, cancellous bone, and
medullary bonemodel followed by decomposition of these three 3-
D models into numbers of body units and gray value was trans-
formed into apparent density based on the experience equation.
Finally, material properties such as elastic modulus and Poisson’s
ratio were solved out to deﬁne material properties of body units
(Fig. 5D). The mechanical value of random nodes and body units
from the 3-D model can be analyzed in Ansys. Usually, the more
material properties were given to the 3-D model, the results of
research will be more close to the real structure of bone. However,it is impossible to unlimitedly compartmentalize the grades of
material properties due to more data statistics, thus, partial
modeling method which ﬁrst divided the material into different
categories and assigned different value far more approaches to the
real structure thanwholemodelingmethod (Fig. 5C). Consequently,
partial modeling was more appropriate for ﬁnite element analysis.
In addition, we also investigated the stress nephogram of our novel
model. As shown in Fig. 4, the stress was mainly distributed in the
medial surfaces of the femur, especially in the calcar femorale,
which was in accordance with the physical structures of femur and
previous stress study.16,17
However, there are still some limitations in this study. Only one
normal volunteer was enrolled in this experiment. Previous studies
indicate that there are heterogeneous in the bone morphology and
mechanical property in different persons. Statistical ﬁnite element
analysis combining shape and material properties should be per-
formed to allow the prosthesis applicable to most population.18
Thus, a large sample size study should be statistically carried out
to conﬁrm our conclusion.
5. Conclusions
This study is characterized by disassembling two inﬁnite prob-
lems into ﬁnite ones: one is dividing the femur into ﬁnite body
units; the other one is to propose and validate a novel modeling
approach by classifying inﬁnite material properties into ﬁnite ones.
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of the femur and may provide a reference for the orthopedists to
design inner ﬁxation instruments which is certainly signiﬁcant and
beneﬁcial to the recovery of fracture.
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